ABSTRACT This report extends our previous studies concerning the identification and characterization of a protein from normal cells that is closely related to the avian sarcoma virus (ASV) transforming gene product pp6Osrc. This normal cellular protein, which we have found in both avian and mammalian cells and have tentatively designated pp60sarc, was detected by immunoprecipitation of radiolabeled cell extracts with serum derived from both mice and rabbits bearing ASV-induced tumors. The normal cell pp&0m is a 60,000-dalton phosphoprotein that is structurally similar, but not identical, to viral pp60"C. The phosphorylation patterns of the normal cell and viral proteins are also similar: both contain two major phosphorylated residues, a phosphoserine located on the NH-terminal 60% of the polypeptide and a phosphothreonine present on the COOHterminal 40% of the molecule. In addition, the normal cell pp60sarc from both chicken and mammalian cells appears to have an associated protein kinase activity analogous to that previously described for the viral pp60src. The possible roles played by the normal cell protein pp6Osarc and the ASV transforming protein pp60src in normal cellular growth and neoplastic disease, respectively, are discussed.
Cell transformation by avian RNA tumor viruses is the consequence of the expression of a single viral gene, termed stc, for sarcoma induction (1, 2) . The product of the src gene is a phosphoprotein with an apparent molecular weight of 60,000, termed pp60Wc (3) (4) (5) (6) . Closely associated with pp60mc is a protein kinase activity (ATP:protein phosphotransferase, EC 2.7.1.37). Detection of this activity involves the phosphorylation of immunoglobulin in specific immunoprecipitates (7) (8) (9) . This enzymatic activity is also synthesized in cell-free extracts programmed with the region of subgenomic viral RNA that contains the src gene as messenger (10) . Furthermore, the protein kinase activity is growth-temperature dependent in cells infected with a mutant virus containing a temperature-sensitive lesion in the src gene (7, 9) . Taken together, these results suggest that the product of src may produce the transformed phenotype through abnormal phosphorylation of cellular proteins.
Investigations using radioactive DNA specific for the src gene have shown that DNA sequences related to src are present in normal avian cells (11, 12) and that these sequences, designated sarc, are transcribed into polyadenylylated, polyribosomeassociated RNA (13, 14) . Therefore, when a phosphoprotein antigenically and structurally related to pp6Osrc was found in normal avian cells (15, 16) , it seemed likely that it was the product of the cellular sarc gene, and it was termed pp6osarc (15) .
Other recent and relevant observations have shown that newly arising sarcoma viruses can be found in tumors induced by transformation-defective avian sarcoma viruses (ASVs) containing partial deletions of the src gene (17) (18) (19) . During viral replication in the chicken, each of these newly recovered viruses appears to have reacquired an intact and functional src gene, apparently as the result of a recombinational event between the infecting virus that had a src gene deletion and cellular sarc sequences. Tumor induction by the recombinant permits selection of a new transforming agent. It seems possible that most strains of ASV currently under study may have been generated by such a mechanism. In view of the potentially important contributions that studies on pp6osrc and pp6osarc may make to an understanding of the transformed state, as well as of normal cellular growth, it. is of interest to establish the similarities and differences in the structure and function of these two phosphoproteins.
In our previous studies on pp60sarc, we utilized sera from tumor-bearing marmosets for its identification and characterization (15) . In this paper, we extend our previous observations in this area and describe experiments, using antisera raised in tumor-bearing mice and rabbits, which show that the normal pp6Oarc from both avian and mammalian cells exhibits protein kinase activity under certain conditions and that structurally it is similar but not identical to viral pp6osrc.
MATERIALS AND METHODS
Viruses and Cells. The sources and preparation of avian embryo fibroblasts and avian retroviruses have been described (6, 7) . Rabbit fibroblasts and rat embryo fibroblasts were established in this laboratory.
Antisera and Immunoprecipitation. Tumor-bearing rabbit sera (TBR) and tumor-bearing marmoset sera (TBM) were prepared and characterized as described (3, 20) . Tumor-bearing mouse sera (TBMo) were obtained from BALB/c mice in which tumors had been induced by the injection of 5 X 106 BALB/c fibroblasts transformed by Schmidt-Ruppin strain ASV(SR) (provided by J. T. Parsons, University of Virginia, Charlottesville, VA). Mice were bled 3 weeks after injection.
For the preparation of cell extracts, cultures were labeled for 2 hr with [32P]orthophosphate [1 mCi/ml (1 Ci = 3.7 X 101" becquerels), carrier-free; ICNI, washed, scraped from the dishes, and lysed in 1% Nonidet P40 (NP40)/0.5% sodium deoxycholate/0.1 M NaCl/0.01 M Tris-HC1, pH 7.2/1 mM EDTA/aprotinin (Trasylol) at 100 kallikrein inactivator units per ml. After clarification, cell extracts were immunoprecipitated with serum (10-50 ,ul/9 X 106 cells), the immune complexes were adsorbed to protein A-containing Staphylococcus aureus (21) (3, 7) . If the immunoprecipitated material was to be used in a protein kinase assay, an additional wash with 0.15 M NaCl/0.05 M Tris-HCI, pH 7.2, was performed.
Peptide Mapping and Phosphoamino Acid Analysis. One-dimensional limited proteolysis mapping was conducted as described (22, 23) . Two-dimensional tryptic peptide fingerprinting involving ascending chromatography in the first dimension and electrophoresis at pH 6.5 in the second dimension and analysis of phosphoamino acids was performed as described (23) .
Assay for Protein Kinase Activity. Viral (pp6Osrc) and normal cell (pp60e) src-related protein kinase activities were determined in the bacteria-bound immune complex assay system (7). The standard procedure involved the use of TBR or the IgG fraction of TBR. RESULTS Use of Various Sera from ASV-Induced Tumor-Bearing Animals for Detection of Normal Cell Proteins Related to the Transforming Protein pp6Osrc. We have previously reported that the immune response to the ASV transforming gene product pp6(WC depends not only on the strain of ASV used for tumor induction but also on the species of animal used in the experiment (20, 24) . It is relevant to the studies pursued here that antisera obtained from marmosets bearing either Bryanor SR-ASV-induced tumors recognize the transforming gene product encoded by all ASV strains tested (SR, Bryan, Bratislava 77, Prague) (20) and, in addition, are able to recognize a protein in normal uninfected avian cells related to the viral pp6Osrc which we have previously designated pp60mrc but not a similar protein in normal mammalian cells (15) . In contrast, our initial results showed that sera from rabbits bearing SR-ASV-induced tumors recognized only pp6Osrc encoded by SR-ASV.
We now find that mice bearing tumors induced by injection of SR-ASV-transformed mouse cells (BALB/c) produce antibody that recognizes not only the viral pp6Osrc but also the endogenous avian cell protein pp6sarc and a similar related protein in mammalian cells. In addition, as others have reported (16, 25) , we find an occasional TBR that exhibits a similar wide immunoreactivity for src and src-related proteins. It is our experience that such crossreacting rabbit serum appears in less than 5% of our tumor-bearing animals.
Fig . 1A illustrates the use of the crossreacting TBM, TBMo, and TBR antisera for the detection of 32P-labeled pp60sarc from normal chicken embryo fibroblasts. Normal sera from the three types of animals failed to precipitate a 60,000-dalton phosphoprotein (Fig. 1A , lanes 1, 4, and 7). However, certain sera from marmosets, mice, and rabbits bearing ASV-induced tumors were able to specifically recognize and immunoprecipitate the normal avian cell protein pp6osarc (Fig. 1A , lanes 2, 5, and 8). This 60,000-dalton protein is not related to any virion structural proteins because preadsorption of each antiserum with disrupted ASV (3, 15) failed to affect its immunoprecipitation (Fig. 1A , lanes 3, 6, and 9).
We have previously shown (15) that TBM is unable to recognize src-related proteins in mammalian cells. We antigenically related to the ASV transforming gene product pp6oSrc corroborates molecular hybridization data indicating that src-related nucleotide sequences are present in all vertebrates (26) . The close serologic relationship among the normal endogenous sarc polypeptides and the ASV src gene product suggests that these apparently highly conserved proteins may have a common function in cellular metabolism. Previously, it was shown (7-10) that the viral pp6osrc polypeptide has an associated protein kinase activity. The assay for this activity involves the immunoprecipitation of cell extracts with antiserum, the binding of the antibody-swc protein complexes to protein A-containing S. aureus, and incubation of the bacteria-bound immune complexes in a standard protein kinase reaction mixture. The phosphotransferase reaction is monitored by the transfer of radiolabel from [,y-32P]ATP to the heavy chain of IgG (7) .
In previous studies involving the immunoprecipitation of avian pp60sarc with TBM, we were unable to detect protein kinase activity associated with the normal cell protein even though the viral pp605rC protein was able to phosphorylate TBM IgG (15, 20) . Using the crossreacting TBMo and TBR, we reinvestigated the functional relationship among the normal sarc proteins and the viral pp6OPc. When extracts of uninfected cells were immunoprecipitated with our crossreacting TBR, both avian and mammalian cell proteins had the ability to phosphorylate the heavy chain of IgG ( Fig. 2A) . Similar results have also been obtained by Oppermann et al. (16) . Although TBMos were able to immunoprecipitate the viral pp6Osrc protein and the normal cell homologues, TBMo immunoglobulin heavy chains were poorly, if at all, phosphorylated in immunoprecipitates (Fig. 2B, lane 4) . TBR and TBM, which do not recognize normal mammalian cell pp6osarc, failed to exhibit phosphorylating activity (Fig. 2B, lanes 2 and 5) .
Comparison of Sites of Phosphorylation of Normal Chicken Cell pp6osarC and Viral ppOOf. Previous studies from this laboratory (15, 20) and others (16, 25) have demonstrated that the viral pp6Osrc and the normal avian and mammalian pp6Osarc proteins are similar, although not identical, in primary structure. Because the normal cell and viral proteins are phosphorylated, it is possible that phosphorylation-dephosphorylation modifications of the src and src-related polypeptides may be involved in their functional control. We have previously analyzed the phosphorylation of the viral pp6osrc protein and found that the molecule contains two major sites of phosphorylation: one involving phosphoserine located in the NH2-terminal two-thirds of the polypeptide and the other involving phosphothreonine located in the COOH-terminal one-third (23) . In the present study we performed similar analyses on the normal cell protein. Using the one-dimensional partial proteolysis procedure of Cleveland et al. (22) , we compared the digestion patterns, produced by two proteases, of 32P-labeled viral pp6Osrc (SR-ASV), a normal mammalian cell pp6Yarc (rat), and a normal avian cell pp6Osarc (chicken). The peptide patterns obtained for the three proteins analyzed were similar to one another (Fig. 3) .
One striking difference between the viral and normal cell proteins was the different electrophoretic mobility of the V8 protease peptide of approximately 26,000 daltons (Fig. 3, lanes  1, 2, and 3) . The peptide fragments derived from the two normal cell proteins migrated identically, whereas the viral 26,000-dalton peptide exhibited a slightly more rapid migration. These data confirm our previous V8 protease partial proteolysis mapping studies of [s5S]methionine-labeled viral pp6O5rC and normal chicken pp6Osarc (15) . Other work has shown that, of the two major V8 protease peptide fragments generated, the 34,000-dalton peptide represents the NH2-terminal portion and the 26,000-dalton fragment represents the COOH-terminal portion of the protein (23) . Therefore, it appears that the COOH terminus of the normal cell proteins may be larger than the corresponding portion of the viral pp6Osrc protein.
Because each of the V8 protease peptides from the normal cell pp6Osr contained phosphorus radiolabel, the implication is that the normal cell pp60sarc proteins contain multiple sites of phosphorylation as does the viral pp6OrC. This was confirmed by analysis of the phosphoamino acids present in the intact chicken pp60GC protein and its two V8 protease fragments. Fig.  4 shows that pp6osarc contained both phosphoserine and phosphothreonine and that the phosphoserine residue was derived from the NH2-terminal V8 protease fragment (V8-NH2) and the phosphothreonine was from the COOH end (V8-COOH). This pattern of phosphorylation is exactly analogous to that found for the viral pp6Osrc protein (23). In both the viral pp6Osrc (Fig. 5A ) and the normal chicken cell pp6oarc (Fig. 5B ) there appeared to be two major phosphorylated tryptic peptides. Upon analysis of the two digests in a mixing experiment, the phosphopeptide that migrated toward the cathode appeared to be identical in the two proteins (Fig. 5C ). In this mixture, a phosphopeptide that migrated as a streak toward the cathode is evident Longer autoradiographic exposures revealed the same minor peptide, which contains phosphoserine, in Fig. 5 A and B. These tryptic peptides were derived from the NH2-terminal portion of each of the two proteins because two-dimensional tryptic fingerprinting of the V8-NH2 fragment yielded these peptides ( Fig. 5D; Phosphoamino acids of pp6osarc. 32P-Labeled avian pp60sarc and the two major V8 protease cleavage products of avian pp6SarC were eluted from preparative polyacrylamide gels, precipitated with trichloroacetic acid, and subjected to complete trypsin digestion. A portion of the digest was hydrolyzed in 6 M HCl for 4 hr at 1000C and subsequently analyzed by high-voltage paper electrophoresis (23) . Lanes: 1, intact avian pp60sarc; 2, V8-NH2 peptide; 3, V8-COOH peptide.
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major tryptic phosphopeptide derived from the V8-COOH fragment of pp60&rC (23) migrated toward the anode. The analogous peptide from pp6&c remained at the origin during electrophoresis at pH 6.5 (Fig. 5E) . This difference between the electrophoretic mobility of the COOH-terminal phosphothreonine-containing tryptic peptides of pp6&rc and pp6Osarc is probably due to a difference in their amino acid composition in the region of trypsin-sensitive sites. However, we believe that the threonine residues phosphorylated in pp60VC and pp6Osarc are analogous. DISCUSSION In this communication we extend our previous work involving a protein from normal uninfected cells (pp60src) that is closely related to the ASV transforming gene product pp6Osrc. This normal cell homologue of pp605rC was first detected in avian cells by immunoprecipitation using serum from marmosets bearing ASV-induced tumors (15) . Although able to recognize the viral src protein of all ASV strains tested and the normal avian cell pp60src, this serum (TBM) was unable to detect a similar protein in mammalian cells. Molecular hybridization experiments had previously indicated that nucleotide sequences related to the ASV src gene were present in mammalian cells (26) . We have now obtained antisera from tumor-bearing mice (TBMo) and from tumor-bearing rabbits (TBR) that are able A B
to recognize specifically a 60,000-dalton phosphoprotein from both normal avian and normal mammalian cells. In addition to being antigenically related, all three classes of proteins (viral, avian cell, and mammalian cell) appear to be structurally similar but not identical. Peptide analyses of these proteins suggest that the normal avian and mammalian cell proteins are more closely related to one another than is either to the viral src protein (Fig. 3) .
Both pp6Osrc and pp60arc are phosphorylated. Analyses of the phosphorylation pattern of the viral protein have indicated that there exist multiple sites of phosphorylation on the molecule (23); of the two major sites, one is a phosphoserine residue located on the NH2-terminal 60% of the polypeptide and the other is a phosphothreonine residue present in the COOHterminal 40% of the molecule (23) . Analogous studies of the phosphorylation of avian pp6osarc, presented in this report, indicate that a similar pattern exists in the normal cell protein.
In addition to being antigenically and structurally related, the viral pp6Osrc and normal cell pp6Osarc proteins may be functionally similar. The identification of a protein kinase activity associated with the viral pp6Osrc protein involved the monitoring of the transfer of radiolabel from [-y-32P]ATP to the heavy chain of IgG from TBR (7, 8) . When TBM, able to immunoprecipitate avian pp60sarc, was used to detect phosphotransferase activity of this normal cell protein, no activity was found (20) . TBMo IgG, which recognizes the viral, avian cell, and mammalian cell proteins, failed to be efficiently phosphorylated in any phosphotransferase reaction. However, when our crossreacting TBR was used in the immune complex protein kinase assay, all of the src and src-related proteins exhibited phosphotransferase activity (Fig. 2) . Similar results involving the use of crossreacting TBR have been obtained by others (16, 25) .
The existence of a normal cellular protein that is structurally and possibly functionally similar to the ASV protein responsible for neoplastic transformation raises some intriguing and fundamental questions. These normal cell proteins, present in vertebrates (from birds to man), are obviously highly conserved polypeptides, suggesting that these proteins may have a common function in some important facet of cellular metabolism. It has been suggested that cellular genetic information encoding the avian pp60saro proteins may be the progenitor to the nucleotide sequences specifying the ASV transforming protein pp6osrc (11, 17) . Furthermore, after recombination with transformation-defective ASV containing partial src gene deletions, these normal cell sequences may give rise to transforming viruses with the ability to induce uncontrolled cellular growth (17) (18) (19) . Thus, it can be suggested that the role of the normal cell src-related protein may be related to some basic mechanism of cell growth control. The finding of an associated protein kinase activity with the normal cell homologues of pp6Osrc implicates phosphorylation-dephosphorylation modification as being critical in this function.
As we have previously suggested, because pp6Osrc and pp6osarc are phosphoproteins, consideration must be given to the possibility that their respective functions will be affected by their state of phosphorylation. In addition, even though they may both be protein kinases, they may each have unique substrate specificities. Therefore, different cellular targets of protein phosphorylation may account for the lack of phenotypic transformation by pp6Osare.
However, the viral gene product is present in substantially greater amounts in transformed cells than is the normal cell protein in uninfected cells (15) , suggesting that cellular transformation may merely be a consequence of a quantitative difference in expression of the two genes. This fact, coupled with the similarity in structure of the cellular and viral gene products and the nature of the transforming viruses recovered by 25) , supports the possibility that the phosphoprotein products of both the normal cellular gene and the viral gene have identical functions. It follows then that the biochemical events in ASV-induced oncogenesis may be qualitatively identical to those in normal cells but perhaps occur to a greater degree, as the result of pp6Osrc expression, to produce the transformed phenotype. If this is the case, then quantitative changes in the phosphorylation-dephosphorylation of specific cell proteins may provide insights not only about viral transformation but also about normal cellular processes. As we (7) and others (27, 28) have suggested, a site of pp6OsrC activity may involve cytoskeletal components of the cell. Studies involving the enzymatic activities and substrate specificities of the purified normal and viral proteins must be pursued before insight into the roles of these two proteins in normal cell growth and malignant disease can be obtained.
